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Shape persistent perylene diimide (PDI) multichromophores incorporating ethynylene bridges have been
synthesized in high yield via palladium-catalyzed Hagihara coupling, which provides compounds with no
rotational or constitutional isomerism in contrast to polyphenylene dendrimers. Their excited-state pathways
have been studied at the ensemble and at the single-molecule level and compared to several model compounds.
In an apolar solvent, energy hopping and/or energy transfer between the chromophoric units are the dominating
processes. In a polar medium, energy hopping is still operative, but electron transfer from the phenyl ethynylene
bridge to the chromophore occurs if the former is connected to the bay area of PDI. This effect should be
considered when further developing this type of multichromophore, as this nonradiative deactivation process
might be unwanted for applications such as optical and electronic devices. At the single-molecule level, the
fluorescence intensity traces are characterized by rich on-off dynamics, which we attribute to oxygen-enhanced
intersystem crossing leading to the formation of a long-lived dark charge-separated state.
Introduction
The study of energy dissipation pathways in supramolecular
organizations of chromophoric units is relevant for the develop-
ment of photonic devices1,2 and for the understanding of
photobiological processes such as photosynthesis or energy
transfer in oligomeric autofluorescent proteins.3,4 Insight into
chromophore-chromophore interactions can be gained by
studying model systems in which a few preconditions are
required. The system should have a discrete number of chro-
mophores that are in a well-defined geometrical relationship to
each other, and the chromophores themselves should exhibit a
high efficiency of absorption and emission. Rylene dyes fulfill
the chromophore requirements, because they are characterized
by excellent photochemical stability as well as high fluorescence,
high extinction coefficients, and high fluorescent quantum yields
(refs 5 and 6 and references therein), which make them ideal
candidates for single-molecule studies.7,8 One group of rylene
chromophores are perylene diimides (PDIs, Figure 1), which
arewidelyusedinfunctionalmultichromophoricarchitectures.5,6,9-12
At the single-molecule level, PDI-based systems have been used
tostudy,amongothers,photoinducedelectron-transferprocesses13-17
because of their moderate oxidation and reduction potentials.18,19
Energy transfer and energy hopping processes leading to
efficient single photon emission have also been shown to occur
in such systems,20 and PDIs have also been incorporated into
so-called photonic wires for their study at the single-molecule
level.21
Dendrimers with polyphenylene branches have been used to
ensure the well-defined spatial relationship between its PDI
substituents because of their shape persistence.6,22,23 However,
the synthesis of chromophore-substituted polyphenylene den-
drimers suffers from a few drawbacks. Tedious syntheses of
the chromophore-substituted tetraphenylcyclopentadienone build-
ing blocks are often required, leading to low overall yields.
Furthermore, when using a tetraphenylcyclopentadienone build-
ing block without C2 symmetry, a statistical distribution of
constitutional isomers of the resulting polyphenylene dendrimers
is formed owing to the mechanism of the Diels-Alder cycload-
dition.22 This results in ambiguities of the interchromophore
distances, which must be considered in single-molecule spec-
troscopic examinations. Figure 2 shows two of the five possible
constitutional isomers for a polyphenylene dendrimer with four
chromophores on the periphery for which the difference in
distance becomes evident. With the chromophores not linked
in the para position of the outer phenyl rings, as in Figure 2A,
but linked in the meta position (B), rotational isomers also come
into play, further increasing the number of inter-chromophore
distances (for a detailed discussion on the effects of isomerism
on the photophysical behavior of polyphenylene dendrimers see
refs 24 and 25).
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Figure 1. Chemical structures of perylene-3,4:9,10-tetracarboxdiimide
(PDI).
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In this paper we present a new route to incorporate highly
fluorescent PDI chromophores into a well-defined spatial
arrangement within multichromophoric systems. In these sys-
tems the single fluorophores are connected to a core molecule
via an ethynylene bridge (see Figure 3), whereby the palladium-
catalyzed Hagihara coupling between an arylhalogen and a
terminal alkyne26,27 serves as basis for the buildup of these
ethynylene bridges. As this synthetic concept is distinguished
by a simple accomplishment of the reaction and high overall
yields, it was already successfully applied for the buildup of
multichromophores, based on the linkage of phenylacetylenes.28-30
Like the polyphenylene dendrimers, these multichromophores
are shape persistent, and therefore, the functions at the periphery
are in a topological defined location. Using this synthetic
strategy, the two multichromophores 1 and 2 (Figure 3) are
synthesized via a palladium-catalyzed Hagihara reaction. Each
multichromophore carries four peripheral PDI chromophores
linked by an ethynylene bridge to a core unit. None of the new
chromophores give rise to rotational and/or constitutional
isomerism.
We have undertaken the photophysical study of the multi-
chromophores in Figure 3 by ensemble spectroscopy to elucidate
the possible influence of the ethynylene functions on the excited-
state properties of the chromophores. We have also synthesized
and investigated the model compounds 3 and 4 (Figure 4), which
symbolize the core unit of 2 and the peripheral chromophores
of both multichromophores, respectively. Electrochemical and
some single-molecule measurements have been performed to
complement the ensemble spectroscopical investigation. Our
results show that energy hopping/transfer processes are operative
Figure 2. Two of five possible constitution isomers of a polyphenylene dendrimer with four chromophores at the periphery.
Figure 3. Multichromophores 1 and 2.
Figure 4. Chemical structures of the model compounds 3 and 4.
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in the multichromophores, but that electron transfer from the
ethynylene bridge can interfere.
Experimental Section
Synthesis. The detailed synthetic procedures and product
characterization are available as Supporting Information.
Ensemble and Single-Molecule Spectroscopy. Ensemble
steady-state spectra were collected with a Lambda 40 spectro-
photometer (Perkin-Elmer) and a Fluorolog 1500 fluorimeter
(Spex). Fluorescence quantum yields (ΦF) were measured using
cresyl violet in methanol as the reference (ΦF ) 0.55),31 with
λex ) 543 nm. Time-resolved measurements were performed
using the time-correlated single photon counting (TCSPC)
technique,32 with excitation at 543 nm (8 MHz, 1.2 ps full width
at half-maximum, fwhm) from the frequency doubled output
of an optical parametric oscillator (GWU) pumped by a Ti:
sapphire laser (Tsunami, Spectra Physics). A Berek compensator
and a polarizer allowed the recording of the fluorescent decays
at three different orientations of the emission polarizer, magic
angle, parallel (Ipar) and perpendicular (Iperp), relative to the
polarization of the excitation light. The anisotropy decay, r(t),
was calculated as
where G is a correction factor that accounts for the different
sensitivities in parallel and perpendicular detection (1.7 in our
case), and was fitted by a linear combination of exponentially
decaying functions (convolution with the IRF was not taken
into account).33,34 The width of the measured experimental
instrument response function was about 50 ps.
For single-molecule experiments, the same laser source was
used, and the light was directed into an inverted microscope
(Olympus IX 70) and focused onto the sample through an oil
immersion objective (1.4 NA, ×60, Olympus). Fluorescence
was collected through the same objective and split by a 50:50
nonpolarizing beam splitter. Half of the detected fluorescence
was focused onto a polychromator coupled to a liquid nitrogen-
cooled charge-coupled device (CCD) camera (LN/CCD-512SB,
Princeton Instruments), and the other half was sent to an
avalanche photodiode (SPCM 15, EG&G). In some cases, the
latter fluorescence was again split with a polarizing beam splitter
(50:50) and sent to two different avalanche photodiodes
detecting polarization directions perpendicular to each other.
Time-resolved data were collected with a TCSPC card (SPC
630, Becker & Hickl) operated in First-in-fist-out mode. The
detailed description of the setup and the data acquisition process
has been published previously.24
The femtosecond transient absorption experiments were
performed with an amplified femtosecond double OPA laser
system as described previously.35 Briefly, the femtosecond
pulses coming from a regeneratively amplified (RGA, Spitfire,
Spectra Physics) Ti:sapphire laser (Tsunami, Spectra Physics)
were used to pump an optical parametric amplifier (OPA 800-
II, Spectra Physics), which was tuned at 580 nm (300 fs fwhm).
A small fraction of the RGA light was used to generate a white
light continuum in a sapphire plate, which then served as the
probe light. The detection was done by a CCD camera (EEV
30, Princeton Instruments) mounted at the exit of a spectrograph
(SP300i, Acton Research). The transient absorption spectra were
recorded for 512 delay positions in time windows of 420 ps
and 3 ns. The sample was in a quartz cuvette (1 mm path) and
was probed at 54.8° relative to the pump light polarization plane.
Ensemble measurements were mostly performed with air-
saturated samples, because degassing did not affect the results
significantly. Samples for single-molecule experiments were
prepared by spin-casting about 10-10 M solutions of the
compounds in chloroform containing 6 mg/mL polymethyl-
methacrylate (PMMA) polymer onto thoroughly cleaned glass
coverslips. Single-molecule measurements were performed with
typical excitation power at the sample of about 2 kW/cm2.
Toluene (Acros) and tetrahydrofuran (THF, Aldrich) were of
spectroscopical quality. PMMA (Aldrich, Mw ≈ 93 000) was
used without further purification.
Electrochemical measurements were carried out with an
EG&G model 173 potentiostat. The solvent used was CH2Cl2
(water free, purchased from Aldrich) containing 0.1 M TBA-
ClO4. The electrochemical cell was fitted with a 1.0 mm
diameter platinum disk working electrode and a platinum wire
counter electrode. A silver wire served as quasi-reference
electrode. The ferrocene/ferrocinium redox couple (Fc/Fc+, 0.45
V) is used as an internal reference. The normal scanning rate
was 100 mV/s. All experiments were performed under dry,
oxygen-free nitrogen, at room temperature.
Results and Discussion
Synthesis. Multichromophore 1. 1,6,7,12-Tetrachloroperylene-
3,4:9,10-tetracarboxdianhydride (5)36 was reacted with aniline
(6) and 4-iodoaniline (7) in propanoic acid for 16 h at 150 °C
leading to a statistic product mixture comprising 8 as one of
the byproducts. As a result of the low solubility of the product
mixture in common organic solvents, a separation of 8 was not
achieved. The crude product was used directly after precipitation
from water, without further purification. After the subsequent
substitution of the chlorides with an excess of phenol (9) in
N-methylpyrrolidone (NMP) at 90 °C, the product was purified
by column chromatography as a result of its increased solubility.
PDI-chromophore 10 was obtained as a red solid in 25% yield.
The multichromophore 1 was synthesized in a Pd(0)-mediated
Hagihara coupling reaction27 with 10 and the tetrahedral core
molecule tetrakis(4-ethynylphenyl)methane (11). The reaction
was carried out in THF/triethylamine at room temperature with
a [PdCl2(PPh3)2]/CuI catalyst system. Column chromatography
with CH2Cl2 as the eluent afforded the multichromophore 1,
bearing four PDI chromophores substituted around a tetraphe-
nylmethane core molecule in 72% yield. The synthesis of
compound 1 is shown in Scheme 1.
Multichromophore 2 and Model Compound 3. Using the same
synthetic strategy for the monofunctionalization of a PDI
chromophore via a statistic imidization, PDI-chromophore 15
was synthesized in a two-step reaction (Scheme 2). First, a
statistical imidization of 1,6,7,12-tetrachloroperylene-3,4:9,10-
tetracaboxdianhydride (5) with 2,6-dimethylaniline (12) and
4-bromo-2,6-dimethylaniline (13) was performed. Afterward,
the crude product was used in a phenoxylation reaction with
an excess of phenol (14). Column chromatography gave PDI
chromophore 15 in 22% yield. A subsequent Hagihara coupling
with triisopropylsilylacetylene (16) afforded 17 in 65% yield.
The removal of the protecting group was obtained with
tetrabutylammonium fluoride in nearly quantitative yields,
leading to the ethynyl-functionalized chromophore 18. In a final
Hagihara reaction (Scheme 3), 18 was coupled with the fourfold
iodo-functionalized PDI-chromophore 1937 to achieve the mul-
tichromophore 2, bearing four PDI-chromophores substituted
around one central PDI chromophore.
To obtain a model compound of the central PDI chromophore,
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four phenyl-substituted alkynes in the bay region of the
chromophore in 68% yield (Scheme 3).
Model Compound 4. For a model compound of the chro-
mophores of the periphery, each bearing a phenyl-substituted
ethynyl group in the imide structure, PDI-chromophore 4 was
synthesized (Scheme 4). A direct conversion of the bromo-
functionalized PDI 15 to 4 with phenylacetylene (20) was
unsuccessful, possibly because of the deactivating influence of
the imide structure on the bromine atom. As iodo functions are
known to be much more reactive in Hagihara coupling reac-
tions,30,38 the PDI-chromophore 23 was prepared, bearing an
iodo instead of the bromo function in the imide structure. The
same strategy of statistic imidization (this time with 4-iodo-
2,6-dimethylaniline (21) instead of 13) with subsequent phe-
noxylation as aforementioned was used. Column chromatogra-
phy gave 22 in 16% yield. In the final step, 23 was coupled
with phenylacetylene (20) in a microwave reactor for 12 h at
125 W and 125 °C. Column chromatography gave the model
compound 4 in 45% yield.
Photophysical and Electrochemical Properties. Steady-
State Measurements. The normalized absorption and emission
spectra of 1-4 in toluene are shown in Figure 5 (see Figure
S1, Supporting Information, for THF), and their photophysical
properties in toluene and THF are summarized in Table 1. The
maximum of the spectra for all compounds is very similar. Both
absorption and fluorescence spectra are slightly shifted to the
blue in THF as compared to toluene, which we can attribute to
the stabilizing effect of the higher polarizability of toluene. The
shape of the fluorescence spectrum remained the same in both
solvents, indicating that all fluorescence arises from the locally
excited state. The values of ΦF are all close to unity in toluene.
However, in the more polar THF there are significant differences
SCHEME 1: Synthesis of the Multichromophore 1a
a (i) Aniline (6), 4-iodoaniline (7), propionic acid, 16 h, 150 °C. (ii) 4-(1′,1′,3′,3′-Tetramethylbutyl)phenol (9), K2CO3, NMP, 64 h, 90 °C, 25%.
(iii) Tetra(4-ethynylphenyl)methane (11), CuI, PPh3; [Pd(PPh3)Cl2], THF/triethylamine (1/3), 16 h, 40 °C, 72%.
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among the compounds: 1 and 4 show a similar unity value as
in toluene, whereasΦF drops for 2 and 3. The latter observation
indicates the appearance of radiationless deactivation channels
that are favored when the solvent polarity is increased, electron
transfer being the most likely candidate (see below). The
appearance of such deactivation channels in THF seems to be
connected to the presence of a diphenylacetylene group in the
bay area of PDI (as in compounds 2 and 3) but seems to be
absent when the same group is bound to the imide nitrogen (as
in compounds 1 and 4).
TCSPC Experiments. Fluorescence lifetime values (Table 1,
Figure 6) indicate a similar trend as outlined above for the
quantum yield of fluorescence. All compounds in toluene, and
also 1 and 4 in THF, decay with a lifetime between 5 and 6 ns,
SCHEME 2: Synthesis of the Ethynyl-Functionalized PDI-Multichromophore 18a
a (i) (1) 2,6-Dimethylaniline (12), 4-bromo-2,6-dimetylaniline (13), propionic acid, 16 h, 150 °C; (2) phenol (14), K2CO3, NMP, 16 h, 90 °C,
22%. (ii) Tri-isopropylsilylacetylene (16), CuI, PPh3; [Pd(PPh3)Cl2], THF/triethylamine (1/2), 16 h, 80 °C, 65%. (iii) Tetrabutylammonium fluoride,
THF, 1 h, 96%.
SCHEME 3: Synthesis of the Multichromophore 2 and the Model Compound 3, Bearing Phenylethynyl Groups in the
Bay Region of the Chromophorea
a (i) PDI-chromophore 18, CuI, PPh3; [Pd(PPh3)Cl2], THF/triethylamine (1/2), 16 h, rt, 48%. (ii) Phenylacetylene (20), CuI, PPh3; [Pd(PPh3)Cl2],
THF/triethylamine (2.5/1), 16 h, rt, 68%. (iii) Tetrabutylammonium fluoride, THF, 1 h, 96%.
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typical for unquenched PDI compounds. Compound 3 in toluene
shows an additional small (7% relative amplitude) rise in the
subnanosecond range, which we tentatively attribute to a rather
slow conformational change due to a decreased conformational
mobility of the substituents in the bay area. This small rise is
absent in 2, probably because of fast energy hopping/transfer
processes (see below). The situation is rather different for 2
and 3 in THF: compound 3 decays monoexponentially with a
lifetime of 1.1 ns, and the multichromophore 2 shows a
biexponential decay with decay times of 2.8 and 1.0 ns, the
latter being close to the lifetime of 3 in THF. The contribution
of each component approaches the ratio of peripheral versus
central PDIs, strongly supporting the attribution of the long and
short lifetimes to the peripheral and the central units, respec-
tively. The shorter decay of 2.8 ns of the peripheral PDIs in 2
as compared to the 5.6 ns of 1 and 4 seems to suggest that the
oxygen from the phenoxy group, present in 2 but not in 1 or 4,
might allow quenching by through-space electron transfer as
the electron donating ability of the phenylacetylene group is
increased. In any case, the fluorescence decay times of the
multichromophores and model compounds show once again that
the central PDI unit is the one most affected by quenching from
the ethynylene bridges.
As in similar multichromophoric dendrimers,34,39-41 energy
hopping between the peripheral PDIs or energy transfer between
peripheral and central units might occur. To verify that such
processes are operative in these new architectures, anisotropy
decays were measured and analyzed (Table 1, inset of Figure
6). The monoexponential anisotropy decay time of the model
compound 3 in toluene and THF of around 0.4-0.6 ns can be
attributed to rotational diffusion. The values of â in both
solvents, close to 0.4 (limiting anisotropy, r0) indicate that the
absorption and emission transition dipole moments are almost
parallel,34 as found previously in other PDI derivatives.42 In 1
and 2, similar biexponential decays of the anisotropy are found.
The nanosecond component can again be attributed to rotation,
while the much faster depolarization process of 50-100 ps can
be related to energy hopping/transfer occurring in the system.
For compound 2, we regard these values as an average over a
SCHEME 4: Synthesis of the Model Compound 4, Bearing a Phenylethynyl Group in the Imide Structurea
a (i) 2,6-Dimethylaniline (12), 2,6-dimethyl-4-iodoaniline (21), propionic acid, 16 h, 150 °C. (ii) Phenol (14), K2CO3, NMP, 16 h, 90 °C, 16%.
(iii) Phenylacetylene (20) CuI, PPh3; [Pd(PPh3)Cl2], THF/triethylamine (2/3), microwave reactor, 12 h, 125 W, 125 °C, 36%.
Figure 5. Normalized absorption (solid line) and emission (dotted line)
of 1 (green), 2 (black), 3 (red), and 4 (blue) in toluene.
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complex distribution of possible orientations and distances
between chromophoric units. By means of the Fo¨rster equation,43
we have calculated that a 100 ps time constant for hopping
corresponds to a distance of about 40 Å (in toluene), which
roughly matches the estimated distance between two opposite
peripheral PDI units. The faster rates for energy hopping in THF
than in toluene can be explained by the dependence of the
process on the solvent refractive index (khop ∼ n-4). A similar
trend has been observed before in other systems as well.40 In
toluene, the values of â1+ â2 (0.14) are smaller than the limiting
anisotropy r0 (0.36), suggesting the existence of additional, faster
processes, which cannot be resolved here because of the limited
time resolution of our setup, being most likely energy hopping
between neighboring peripheral PDIs and/or transfer between
peripheral and central units. Other possibilities that have been
suggested in literature for similar systems are the formation of
an excimer-like state or singlet-singlet annihilation.40,41,44
Femtosecond Transient Absorption Spectroscopy. To confirm
the participation of electron-transfer processes from the ethy-
nylene bridge to PDI in THF we performed ultrafast transient
absorption spectroscopy on 3 (which is the compound that
exhibits a more drastic drop in ΦF, see Table 1). We compared
our results with those on the simpler phenoxy-substitued PDI
model compound with no diphenyacetylenes, in which no
electron transfer is expected to occur (N,N′-diphenyl-1,6,7,12-
tetrakis[4-(1,1,3,3-tetramethylbutyl)phenoxy]perylene-3,4:9,10-
tetracarboxdiimide, compound PDI0, Figure S2, Supporting
Information).6 Both compounds 3 and PDI0 exhibited a broad
absorption band at λ > 680 nm (where we expect both the S1
f Sn absorption45 and the PDI radical anion absorption46,47),
as well as ground state depletion overlapped with the stimulated
emission centered at around 580 nm (Figure 7). The transient
absorption of the model compound PDI0 decayed monoexpo-
nentially at λ > 680 nm, and the decay could be fitted to a
lifetime of around 5 ns (Figure 7). In contrast, the transient
absorption of compound 3 decayed biexponentially with 185
ps and 1 ns. This biexponential decay suggests that two species
that absorb at this wavelength range are present, probably the
S1 and the PDI radical anion, and we attribute these lifetimes
to the formation and decay, respectively, of the latter species.
The absorbance of the phenylacetylene radical cation at 620-
630 nm48 is somewhat masked by the ground state depletion
and stimulated emission at that wavelength. We found additional
fast components (<10 ps) for 3 and PDI0 at λ < 680 nm, which
we attribute to vibrational/solvent relaxation as found in similar
compounds.45,49 Thus, we can estimate that the equilibration
between the locally excited and the charge-transfer state
(characterized by the absorption of the PDI radical anion) occurs
with a rate constant as kCT ) 5 × 109 s-1, which does not fit
the value calculated from ΦF and the decay time measured by
TCSPC (kCT) 9× 108 s-1). This indicates that the fluorescence
decay obtained by TCSPC corresponds to a more complex
kinetics in which the charge-transfer state recombines through
S1 in around 1 ns, resulting in delayed fluorescence. A very
similar case with comparable photophysical parameters and rate
constants has been found for a donor-acceptor pyrene-PDI
system.45
Measurements on 2 in THF yielded similar results as for 3
(Figure S3, Supporting Information), that is, a 200 ps component
at λ > 680 nm in addition to a component in the ns range.
Such an observation supports the idea that the addition of the
TABLE 1: Summary of the Photophysical Properties of 1-4 in Solution
toluene THF
compound 1 compound 2 compound 3 compound 4 compound 1 compound 2 compound 3 compound 4
λmaxabs, nm 579 573 573 573 573 569 568 569
λmaxemi, nm 606 604 602 602 603 601 601 600
ΦF 1.00 0.99 1.00 1.00 1.00 0.42 0.11 0.96
τF, ns 5.3 5.1 5.3 (93%) 5.3 5.6 1.0 (14%) 1.1 5.6
∼0.5 (7%)b 2.8 (86%)
Θ1, ns (â1) 1.4 (0.02) 3.1 (0.05) 0.56 (0.36) a 1.0 (0.02) 3.1 (0.06) 0.38 (0.37) a
Θ2, ps (â2) 80 (0.12) 110 (0.09) a a 51 (0.28) 53 (0.23) a
a Not measured. b Negative contribution.
Figure 6. Fluorescence decays, fits, and residuals of 2 and 3 in toluene
(blue and black, respectively) and in THF (red and green, respectively;
instrument response function, dotted line). Inset: anisotropy decays.
Figure 7. Transient absorption spectra in THF of PDI0 (A) and 3 (B)
at 2 (black), 10 (red), 50 (green), 100 (blue), 200 (purple), and 400 ps
(brown). Insets: signals and fits at 735 nm.
PDI Multichromophore Energy and Electron Transfer J. Phys. Chem. C, Vol. 111, No. 12, 2007 4867
peripheral PDI units does not influence to a great extent the
electron-transfer properties of the core as evidenced by compar-
ing 2 and 3. Additionally, for 2, a faster component of tens of
picoseconds is also found at λ > 680 nm, which might be related
to singlet-singlet annihilation between chromophores.
Electrochemistry. Examining the redox behavior of our
compounds can assist in the estimation of the feasibility for
photoinduced electron-transfer processes. Reduction of 2 in CH2-
Cl2 yields two waves with half-wave potentials of -0.71 and
-0.90 V versus SCE (Figure 8A), and only one oxidation wave
is found at 1.30 V (Figure 8B), very close to the limit imposed
by the solvent used. We attribute the two reduction waves to
the incorporation of two consecutive electrons, and the separa-
tion between both waves matches very well that found for
similar PDI derivatives.18 The reduction waves for the central
and peripheral PDI units are thus indistinguishable. The relative
amplitudes of the reduction and oxidation waves are close to
5:4, strongly suggesting that the oxidation wave corresponds
to the diphenylacetylene units. The attribution of the oxidation
wave to the four peripheral PDI units can be ruled out owing
to the identical electrochemical behavior shown in the reduction
by all the PDI units in the compound. Similar reduction and
oxidation potentials were found for compound 3, although
irreversibility was clearly observed even at high scanning rates
(1 V/s), presumably because of a dimerization reaction taking
place in the para position of the outer phenyl ring.50,51
From the values of the redox potentials we can estimate the
driving force for photoinduced electron transfer in THF and
toluene as -19 kJ‚mol-1 and +22 kJ‚mol-1, respectively.52
Similarly, for the previously studied pyrene-PDI dyad in which
delayed fluorescence also occurred, the calculated driving force
is -9 kJ‚mol-1.45
Single-Molecule Experiments. At the single-molecule level,
the multichromophores display very characteristic traces that
are the consequence of competitive energy and electron transfer
between its chromophoric units. Figure 9 shows a typical
intensity trace of 2 in PMMA (with a polarity closer to that of
toluene than to that of THF),53 recorded in two channels that
detected fluorescence with crossed polarization directions.7 The
stepwise change in the relative intensity of the channels indicates
that the orientation of the emitting chromophore is different;
that is, the emitting chromophoric site is changing with time.
The change in relative intensity of the two channels is more
clearly illustrated by the change in steady-state polarization,
defined as
in which A and B are the intensities of the two different channels,
and G is a correction factor that accounts for the difference in
detection sensitivity in the two channels (calculated as 0.81 in
this case). Figure 9 shows several polarization levels, corre-
sponding to different chromophores in 2. The change of the
emitting chromophoric site in time may be attributed to
sequential photobleaching of the chromophores or to temporal
stabilization of a certain chromophore by the local environment
due to polymer motions.7 Besides the different intensity levels,
another distinguishing feature of the trace in Figure 9 is that
the intensity very frequently drops to background level. The
resulting off times last from a few tens of milliseconds to several
seconds. These collective off times cannot be explained by
excursions to the triplet manifold, because such a state has a
lifetime in polymer matrixes of around hundreds of microsec-
onds.20 A long-lived charge-separated state resulting from
electron transfer is the more likely candidate to account for the
long-lived blinking behavior. Such blinking at the single-mole-
cule level has already been observed for PDI derivatives and
was indeed ascribed to electron transfer related processes.13,15-17
In our case, the blinking is frequently observed in the traces of
compounds 1-3 but almost absent in 4 (Figure 10). This
indicates that the possibility of electron transfer between two
PDI units or between one PDI and its bay area substituents (as
in compound 3) is necessary for the observation of this blinking.
Additionally, we observe a clear effect of oxygen,; that is,
blinking is practically suppressed in compounds 1-3 in the
absence of oxygen. Its complex dependence on oxygen and on
the feasibility for an intramolecular electron-transfer process
suggests that the rich on-off dynamics stem from an oxygen-
mediated pathway to form a long-lived dark charge-separated
state, that is, the enhancement of intersystem crossing from a
singlet to a triplet charge-separated state by the presence of the
paramagnetic oxygen.54 The effect of oxygen on the photo-
physical pathways at the single-molecule level has been
previously reported in a PDI-based system.13 It is also worth
Figure 8. Cyclic voltammograms of 2 in CH2Cl2 (vs SCE, 100 mV/
s): (A) reduction and (B) oxidation.
Figure 9. Single-molecule intensity trace and steady-state polarization
of 2 in PMMA (air environment) exemplifying energy hopping and
on-off blinking. Channels A (gray) and B (black) correspond to
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noting that blinking was observed under both pulsed and
continuous wave excitation conditions. A detailed characteriza-
tion of such on-off dynamics and the factors influencing it will
be published elsewhere.55 The high photostability of these
multichromophores allows measurement times for individual
molecules of over 1 h in some cases at the excitation intensities
required for single-molecule spectroscopy. This property is of
great interest in the study of long-term changes in the dynamics
of these multichromophores.
Conclusions
Highly fluorescent PDI units have been successfully incor-
porated into multichromphores with well-defined geometries via
ethynylene bridges. The excited-state processes occurring after
the absorption of light by these multichromophores have been
characterized and compared to those of several model com-
pounds. Our results show that the presence of the ethynylene
units in the bay area of PDI can induce undesired electron-
transfer processes. No such effects are present if the units are
placed across the nodal plane provided by the imide nitrogen.
These restrictions should be taken into account when building
PDI dendritic architectures with ethynylene units for their
potential use in photonic and electronic devices such as single-
photon emitters55 and light-emitting diodes.56 On the other hand,
we have shown that these compounds are useful models in the
study of competitive energy and electron transfer.
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